Abstract----Cells have evolved elaborate strategies for sensing, responding to, and interacting with their environment. In many systems, interaction of cell surface receptors with extracellular ligand can activate cellular signal transduction pathways leading to G-protein activation and calcium mobilization. In BC3H1 smooth muscle-like cells, we find that the speed of calcium mobilization as well as the fraction of cells which mobilize calcium following phenylephrine stimulation is dependent upon receptor occupation. To determine whether receptor inactivation affects calcium mobilization, we use the receptor antagonist prazosin to block a fraction of cell surface receptors prior to phenylephrine stimulation. For cases of equal receptor occupation by agonist, cells with inactivated or blocked receptors show diminished calcium mobilization following phenylephrine stimulation as compared to cells without inactivated receptors. Ligand/ receptor binding and two-dimensional diffusion of receptors and G-proteins in the cell membrane are studied using a Monte Carlo model. The model is used to determine if receptor inactivation affects G-protein activation and thus the following signaling events for cases of equal equilibrium receptor occupation by agonist.
ing of the relationship between cell receptor binding and such responses will aid in the "engineering" or manipulation of cells and tissues for biotechnological and medical benefit.
The events following receptor/ligand binding and leading to cellular responses are generally termed signal transduction. In this paper we focus on our efforts to link receptor/ligand binding with early events in the signal transduction cascade. In many systems ligand occupation of cell surface receptors may lead to activation of GTPbinding proteins, or G-proteins, in the cell membrane and release of calcium from intracellular stores via the signal transduction cascade shown in Fig. 1 . The basic features of this signal transduction cascade have been characterized through experimental work in the past several years and are detailed in recent reviews (5, 27) .
To quantitatively examine the link between receptor occupation and calcium mobilization, we use the ot 1-adrenergic receptor agonist phenylephrine (PhE). PhE stimulation of al-adrenergic receptors on single smooth muscle-like BC3H1 cells results in intracellular calcium mobilization (7, 19) . For this experimental system, agonist/receptor binding is rapid. Even for PhE concentrations as low as 0.1 IxM, 95% of equilibrium receptor occupation is reached in less than 0.1 sec. In comparison with agonist/ receptor binding, calcium mobilization in these cells is slow, occurring 3-25 sec after PhE stimulation. Therefore, we measure both the fraction of cells which mobilize calcium and the speed of calcium mobilization as a function of equilibrium receptor occupation. We find that the fraction of cells that mobilize calcium as well as the speed of the mobilization is dependent on the equilibrium receptor occupation. To determine whether receptor inactivation affects calcium mobilization, we use the receptor antagonist prazosin (Pz) to block receptors from participation in the signaling pathway prior to PhE stimulation. We find that for cases of equal equilibrium receptor occupation by the agonist PhE, increasing receptor inactivation via antagonist binding diminishes the fraction of cells that mobilize calcium and slows the calcium mobilization. From this point on we will usethe term "receptor occupation" to mean the occupation of receptors by agonist (PhE) and "receptor inactivation" or "blocked receptors" to mean the occupation of receptors by antagonist (Pz). We did not expect receptor inactivation to have a significant effect on calcium mobilization for cases of equal equilibrium receptor occupation. To explain this result, we look closely at the initial membrane signaling events following agonist/receptor binding to see if G-protein activation, and thus the following signaling events, is affected by receptor inactivation. Using Monte Carlo simulations of two-dimensional (2-D) diffusion of receptors and G-proteins in the cell membrane, we study the effects of receptor occupation, receptor inactivation, and 2-D diffusion on the activation of G-proteins in the cell membrane. We find that for our experimental system, the frequency of agonist/receptor binding, or movement of agonist among available receptors, significantly affects the extent of G-protein activation and thus calcium mobilization.
EXPERIMENTAL PROCEDURES
Details on cell culture and the measurement of intracellular free calcium concentration in single cells can be found elsewhere (19) . Briefly, BC3HI cells are grown on coverslips at least 24 hr prior to experiments. Cells adhered to a coverslip are incubated with 5 p,M fura-2 AM (Molecular Probes, Eugene, OR) at 37~ for 20 min. The coverslip is then washed with pH 7.4 physiological buffer solution which contains (in mM): NaC1, 140; KC1, 10; CaC12, 1.8; MgCI2, 1.0; Na2HPO4, 1.0; HEPES, 25; and glucose, 5. The coverslip is then transferred to a thermoregulated flow chamber that fits on a microscope stage (Nikon Diaphot, Nikon, Inc., Garden City, NY). For stimulation, 7 ml of PhE solution is rinsed through the flow chamber with a syringe in less than 5 sec. The PhE concentration in the flow chamber consistently reaches 95% of PhE stimulant concentration within the first 0.8 sec of addition. For experiments with receptor inactivation, Pz in buffer solution is initially added to the flow chamber to block receptors and then unbound Pz is removed by rinsing. PhE stimulation then proceeds as above. Fura-2 is excited at 334 and 365 nm, and fluorescence emissions are collected with a charge-coupled device (CCD) camera (Photometrics Ltd., Tucson, AZ). Images are collected for at least 20 sec prior to PhE stimulation to establish a calcium baseline for each cell. Background and calibration images are taken for each experiment as described in (19) .
Three concentrations of Pz are used in the pretreatment experiments to produce different levels of receptor blockage. Table 1 ). Image data are collected and analyzed using the ISee graphical programming system (Inovision Corp., Durham, NC) as described elsewhere (19) . The intracellular free calcium concentration is calculated from the raw image data as described by Grynkiewicz (13) . Responding cells are defined as cells that have at least a 30% increase in intracellular free calcium concentration within 2 min following PhE stimulation. Calcium response latency is defined as the time between PhE addition and the maximum rate of increase in intracellular free calcium concentration.
Mathematical Model
Monte Carlo simulations of G-protein activation include both 2-D diffusion and the reaction of species in the cell membrane. The membrane reactions included in the simulations are discussed below. Agonist/receptor binding on the cell surface is described by
where R is a free receptor, L is a ligand (agonist) molecule, and C is the agonist/receptor complex. The ligand concentration is assumed uniform and constant.
The equilibrium agonist/receptor dissociation constant, K o, is equal to the ratio of the dissociation rate constant and the association rate constant, kr/k f. In the Monte Carlo simulations, conversion of receptors between agonistoccupied and unoccupied states is allowed to occur with a probability proportional to the reaction rate constants, k t and k r.
G-protein is a trimer consisting of c~, [3, and ~ subunits, with GDP bound to the et subunit. Inactive G-protein, f3~Ia-GDP, is represented in the model equations as G. Collision between an agonist/receptor complex and a G-protein results in the formation of a ternary agonist/ receptor/G-protein complex. The a subunit of the ternary complex has an enhanced affinity for GTP and a diminished affinity for GDP (27) . GTP binds to the a subunit within milliseconds, resulting in the dissociation of the ternary complex. Because the ternary complex is shortlived, G-protein activation is approximated by
The activation of G-protein is assumed to be diffusionlimited and thus occurs with every collision of an agonist/ receptor complex with an inactive G-protein. Direct in vivo measurements of the effect of receptor or G-protein diffusion on G-protein-coupled signal transduction have not been made. The role of lateral diffusion in signal transduction is supported by experiments in which the membrane fluidity of cells is altered and G-protein stimulated enzyme activity is affected (4, 12, 15, 23) . Further, it is believed that values of the rate constants for other membrane reaction events, such a the crosslinking of receptors by a multivalent ligand, the trapping of receptors in coated pits, and the coupling of receptors to membraneassociated components, are close to the diffusion limit (9,1 l, 18, 22) .
The active a-GTP subunit has a limited lifetime since its intrinsic GTPase activity results in hydrolysis of GTP to GDP: 
Conversion of eL-GTP to eL-GDP in the simulation occurs with a probability proportional to the e~-GTP inactivation rate constant, k i. The inactive a-GDP subunit may combine with a [37 subunit to reform the complete G-protein:
This reaction is also assumed to be diffusion-limited and occurs upon collision of the two subunits. All reaction rate constants mentioned above as well as other parameters used in the simulations are summarized in Table 1 . The value of the receptor diffusion coefficient in these cells has not been measured. Typical receptor diffusion coefficients are in the range of 10 -9 to 10-11 cmZ/sec (10) . The value of the G-protein diffusion coefficient has not been measured in any cell type, although Kwon et al. (17) have measured the diffusion coefficient for 137 subunits in NG-108-15 ceils. We choose a reasonable value of 10-lO cm2/sec for the receptor, G-protein, and G-protein subunit diffusion coefficients.
All Monte Carlo simulations are run on a 1,000 • 1,000-site square grid with lattice spacing of 7 nm, which is approximately a protein radius. Periodic boundary conditions are used. For simulations with inactive receptors, a fraction of the receptors placed on the grid are randomly selected and reidentified as antagonist-blocked receptors. The simulations are initialized by placing receptors and G-proteins randomly on the simulation grid. All membrane species are allowed to move randomly and independently with the same mobility or diffusion coefficient. If a random move results in the collision of two nonreacting species, e.g., a receptor colliding with a receptor, the move is rejected. Results shown are the average of 20 simulations converted to a single cell basis according to the cell surface area. Figure 2 shows a typical single cell response to PhE stimulation. We observe a brief time lag between agonist addition and calcium mobilization. The time lag, or latency, between the addition of PhE and the calcium response is dependent on the agonist concentration. Agonist/ receptor binding is rapid compared with the calcium response in this experimental system (for [L] = 0.1 txM, binding reaches 95% of equilibrium binding in less than 0.1 sec), so the response can be related to the equilibrium receptor occupation. The calcium response latency and fraction of cells responding as a function of equilibrium receptor occupation are shown in Fig. 3 librium receptor occupation ranges from 2-90% of the cell receptors. At high fractional receptor occupation, the speed of calcium mobilization and the fraction of cells responding reach a maximum.
RESULTS
By using Pz to inactivate, or block, cell receptors prior to PhE stimulation, we compare the latency and fraction of cells responding for cases of equal equilibrium receptor occupation and varying degrees of receptor inactivation. These data are also shown in Fig. 3 . Open circles represent data for cells treated with Pz prior to PhE stimulation. The fraction of cell receptors blocked by Pz ranges from 13-61%. For cases of equal equilibrium receptor occupation, the difference between calcium responses with and without receptor inactivation increases with the fraction of receptor inactivation.
The cause of the decreased cell responsiveness to PhE stimulation resulting from receptor inactivation is unknown and suggests that more than the equilibrium receptor occupation may play a role in G-protein activation and mobilization of intracellular calcium. For example, Pz may have other physiological effects on the cells than receptor inactivation; however, we and others (16, 21) find no evidence for such effects. Alternatively, the dynamics of agonist/receptor binding, rather than simply the equilibrium receptor occupation, may affect calcium mobilization in our system. However, for cases of equal equilibrium receptor occupation, the time course of binding is faster in our experiments with inactivated receptors be- cause a higher agonist dose is used to achieve the same equilibrium receptor occupation. Therefore, agonist/ receptor binding dynamics cannot account for the difference in calcium mobilization seen with receptor inactivation. Two-dimensional diffusion and collision of agonist/ receptor complexes and G-proteins in the cell membrane result in activation of G-protein and calcium mobilization. In our experimental system, equal receptor occupation does not produce equal calcium mobilization when a fraction of the receptors are blocked by an antagonist. Stickle and Barber (24) study a similar experimental system, the binding of epinephrine to [3-adrenergic receptors and the resulting activation of adenylate cyclase, and suggest that the agonist/receptor binding frequency may be important for enzyme activation at low agonist concentrations. The rapid movement of agonist among receptors, which may mean the dissociation and then rebinding of the same agonist molecule or the dissociation of one agonist molecule and the binding of another agonist molecule, could enhance the access of bound receptors to G-proteins. This may partly explain the effect of receptor inactivation on calcium mobilization.
An alternative model incorporating agonist/receptor binding frequency is offered by Stickle and Barber (25, 26) who use a deterministic formalism to calculate adenylate cyclase activation. They assume that the encounter between receptors and adenylate cyclase is of finite duration and that receptors may change state (bound/unbound) during the encounter with a resulting effect on the ability of the receptor to activate adenylate cyclase. The results of their model hinge on a relatively long encounter time between receptors and adenylate cyclase and apply only at steady state.
We use Monte Carlo simulations to follow the dynamics of binding of agonist to receptors and the diffusion of receptors and G-proteins. We make the assumption that the activation of G-protein is diffusion-limited and that the G-protein/receptor encounter duration is short (on the order of l0 -7 sec). Our Monte Carlo simulations of receptors and G-proteins in the cell membrane allow us to determine whether or not receptor inactivation significantly affects G-protein activation and thus calcium mobilization. Comparisons between the experimental data and the simulations are limited to the test cases given in Table 2 . All test cases have equal values of G-protein number and equilibrium receptor occupation. In test case 1, no receptors are blocked. In test cases 2 and 3, 59.5% and 74.4% of the receptors are blocked prior to agonist stimulation.
Monte Carlo predictions for the time-course of G-protein activation for the three test cases are shown in Fig. 4 . Test case 1, with no receptor inactivation, leads to activation of approximately 20% more ~-GTP than test case 2 and 40% more than test case 3 in the first 3 sec. The encounter rate constant between agonist/receptor complexes and G-protein is shown for the three test cases in Fig. 5 . The encounter rate constant for test case 1 remains approximately constant over the course of agonist stimulation. For cases 2 and 3, the encounter rate constants are initially lower than for test case 1. In addition the encounter rate constants for cases 2 and 3 drop off quickly within the first 2 sec of agonist stimulation to lower, approximately constant values.
The differences in agonist/receptor complex and G-protein encounter rate constants among cases with varying degrees of receptor inactivation can be attributed to differences in the distribution of agonist/receptor complexes on the cell surface. To illustrate this difference, snapshots of agonist/receptor complexes and o~-GTP from two Monte Carlo simulations are shown in Fig. 6 . The snapshots are from simulations of test cases 1 and 3. More a-GTP is produced in case 1 (Fig. 6a) than in case 3 (Fig.  6b) , and the oL-GTP is more evenly distributed over the cell membrane in case 1. In case 3, et-GTP is segregated in patches in the membrane. For test case 3, all e~-GTP is located very near an agonist/receptor complex. In case 1, some e~-GTP subunits are found more distant from agonist/receptor complexes than is possible by diffusion alone.
For test case 1, no receptors are blocked, and the cells are stimulated with a low agonist concentration. Agonist binds to receptors on the cell surface, and by 2-D diffusion, agonist/receptor complexes collide with several G-proteins in their vicinity to produce et-GTP. Agonist may dissociate and bind to other receptors in the cell membrane producing complexes over the entire cell surface. Time, s This movement of agonist among free receptors allows thorough access of agonist/receptor complexes to G-protein. Approximately 25% of the receptors are occupied at equilibrium, suggesting that a receptor is more likely to be unoccupied than occupied. Thus for this case, movement of agonist among receptors as well as receptor mobility is important for G-protein activation. For test cases 2 and 3, a large fraction of the receptors are inactivated by the receptor blocker, so that much higher concentrations of agonist are needed to produce the same equilibrium receptor occupation as in test case 1. Agonist again binds to receptors on the cell surface, and agonist/receptor complexes activate G-proteins in their vicinity by 2-D diffusion and collision. However, because the agonist concentration is higher, each receptor has a higher probability of rebinding agonist than in test case 1. At equilibrium more than 63% and 99% of the receptors are occupied by agonist in test cases 2 and 3, respectively. Therefore, a receptor is more likely to be agonist-occupied than unoccupied. With fewer free receptors in these cases, movement of the agonist among receptors plays a less significant role in G-protein activation than in test case 1. For this reason the agonist/receptor complexes tend to activate most of the G-proteins in their vicinity by 2-D diffusion, causing a local depletion of inactive G-protein (not unexpected for 2-D reactions, see (11, 29) ). As this occurs, the encounter rate constant between G-proteins and complexes decreases to a steady-state value lower than that for test case 1.
DISCUSSION
In our experiments, we used the eq-adrenergic receptor agonist PhE with and without the receptor blocker Pz to trigger calcium mobilization in individual BC3HI cells. Surprisingly, we find that in the presence of the antagonist the speed of calcium mobilization as well as the fraction of cells responding is diminished for similar rates of agonist/ receptor binding and identical equilibrium receptor occupation by agonist. Such an effect will not be predicted from a model in which occupancy of a fraction of receptors 100% of the time is treated identically to occupancy of 100% of the receptors a fraction of time. For example one such model that we have developed to explain the effect of agonist concentration on the speed of calcium mobilization fails to account for the Pz data we report here (19) .
Provided that activation of G-proteins by bound recep-tors is diffusion-limited or at least partially diffusioncontrolled, the results of our Monte Carlo simulations offer an explanation for the effect of receptor blockers. The Monte Carlo model predicts that for the same equilibrium dissociation constant, K D, the association/dissociation rate constants of agonist/receptor binding may determine whether or not receptor blockers affect calcium mobilization. The behavior extremes occur when association/ dissociation rates are fast and slow relative to the rate of 2-D diffusion. For the case in which agonist/receptor binding is slow compared with 2-D diffusion, movement of agonist among free receptors will not play a significant role in G-protein activation at any agonist concentration. Activation of G-protein occurs mainly by 2-D diffusion, and activation by agonist movement is insignificant. In this situation then receptor inactivation will have little effect on G-protein activation. A simpler model of calcium mobilization (e.g., Ref. 19) will make accurate predictions with and without receptor blockers in this case because G-protein activation occurs mainly by 2-D diffusion.
For the other extreme in which agonist/receptor binding kinetics are fast compared with 2-D diffusion, movement of agonist among free receptors may be a major contributor to G-protein activation. At low agonist concentrations, movement of agonist among receptors on the cell surface provides an increased encounter frequency between complexes and G-protein. The contribution of agonist movement to G-protein activation decreases as agonist concentration increases because the fraction of unoccupied receptors decreases. In this situation, then, receptor inactivation significantly reduces G-protein activation by reducing the component of G-protein activation produced by agonist movement among receptors. Models that do not account for this movement of agonist among receptors will fail to predict accurately G-protein activation and thus calcium mobilization in the presence of receptor blockers. The effects we show in this paper will be even more pronounced at lower, though still physiological, values of the diffusion coefficients (20) .
Our experimental system falls closest to this second extreme, the case in which agonist/receptor binding kinetics are rapid compared with 2-D diffusion. This suggests that use of the receptor blocker Pz may significantly reduce G-protein activation by restricting agonist movement. Thus, the diminished cell responsiveness observed with Pz may be at least partially accounted for through reduced G-protein activation and thus lower calcium release. The movement of agonist among receptors is especially important for low levels of receptor occupation; this is where we see the greatest disparity in the calcium responses with and without receptor inactivation.
Receptor antagonists are commonly used pharmaceuticals, and more recently research has turned to the design of agents to inhibit receptor-catalyzed G-protein activation (e.g., Ref. 8) . Our findings suggest that a quantitative characterization of the effects of these agents may require analyses such as that presented here.
